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Hagen Söngen,†,‡ Christoph Marutschke,† Peter Spijker,§ Eric Holmgren,∥ Ilka Hermes,† Ralf Bechstein,†
Stefanie Klassen,† John Tracey,§ Adam S. Foster,§,⊥ and Angelika Kühnle*,†
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ABSTRACT: Solid−liquid interfaces are decisive for a wide range of
natural and technological processes, including ﬁelds as diverse as
geochemistry and environmental science as well as catalysis and corrosion
protection. Dynamic atomic force microscopy nowadays provides
unparalleled structural insights into solid−liquid interfaces, including the
solvation structure above the surface. In contrast, chemical identiﬁcation of
individual interfacial atoms still remains a considerable challenge. So far, an
identiﬁcation of chemically alike atoms in a surface alloy has only been
demonstrated under well-controlled ultrahigh vacuum conditions. In
liquids, the recent advent of three-dimensional force mapping has opened
the potential to discriminate between anionic and cationic surface species. However, a full chemical identiﬁcation will also include
the far more challenging situation of alike interfacial atoms (i.e., with the same net charge). Here we demonstrate the chemical
identiﬁcation capabilities of dynamic atomic force microscopy at solid−liquid interfaces by identifying Ca and Mg cations at the
dolomite−water interface. Analyzing site-speciﬁc vertical positions of hydration layers and comparing them with molecular
dynamics simulations unambiguously unravels the minute but decisive diﬀerence in ion hydration and provides a clear means for
telling calcium and magnesium ions apart. Our work, thus, demonstrates the chemical identiﬁcation capabilities of dynamic AFM
at the solid−liquid interface.

■

surface but also at the probe tip.12 Nevertheless, due to the
omnipresence of water ﬁlms on surfaces, especially the solid−
water interface has attracted considerable attention in the last
decades13−16 with the ﬁrst demonstration of atomic-scale
imaging with dynamic AFM on a mica (001) surface in 2005 by
Fukuma et al.4 Using conventional imaging on calcite (10.4),
ionic sublattices have been assigned based on the diﬀerent
lateral structure.17 Recently, the development of three-dimensional (3D) force mapping in liquids18 has considerably pushed
this ﬁeld of research. Three-dimensional force maps have been
collected on, for example, calcite (10.4),19,20 mica,18,21 αAl2O3,22 graphite,23 alkanethiol ﬁlms,24,25 and organic crystals.26
Analyzing site-speciﬁc diﬀerences in the force−distance curves
has allowed for the discrimination between anionic and cationic
surface species.20 So far, however, the identiﬁcation of
chemically alike interfacial species possessing the same net
charge has not been demonstrated. Such a diﬀerentiation is,
however, an essential prerequisite for chemical identiﬁcation,
one of the major challenges of surface science. For such a

INTRODUCTION

Dynamic atomic force microscopy1,2 (AFM) has developed
into a most versatile tool that is capable of imaging surfaces
with atomic resolution not only in a well-controlled ultrahigh
vacuum (UHV) environment3 but also at the solid−liquid
interface.4 When analyzing distance-dependent data, dynamic
AFM can even provide chemical information on individual
atoms at the surface, as has ﬁrst been demonstrated in UHV:
force−distance curves have been collected on Si(111)-(7 × 7),
revealing site-speciﬁc diﬀerences and, thus, demonstrating the
potential to diﬀerentiate inequivalent adatoms by a careful
analysis of force−distance curves.5 Later, ionic crystal
sublattices have been identiﬁed on several crystals, including,
for example, CaF2(111),6 NiO(001),7,8 NaCl(001),9 and calcite
(10.4).10 A particularly challenging system has been studied by
Sugimoto et al. who have been the ﬁrst to demonstrate the
identiﬁcation of individual surface atoms in an alloy of Pb, Sn,
and Si, even though these atoms occupy identical surface
positions and are not oppositely charged.11 All the above
studies have been carried out in UHV.
At the solid−liquid interface, however, the situation is usually
signiﬁcantly more complex due to the presence of the solvent
molecules that can form a solvation structure not only at the
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Figure 1. Interfacial water on calcite and dolomite. Schematic model of the (10.4) surface of calcite (a) and dolomite (b). The unit cell dimensions
are 8.1 Å × 5.0 Å and 7.7 Å × 4.8 Å, respectively. The two carbonate groups in the surface unit cell are tilted with respect to the surface. As the
protruding oxygen atom of the carbonate group points in alternating directions, the carbonate groups are not equivalent. The lower panel shows the
number density of water oxygen atoms for calcite (c) and dolomite (d) as a vertical slice extracted along the [481̅] direction indicated by the dashed
line shown in (a) and (b). The color scale ranges from dark blue (low density) to white (high density).
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demonstration, we investigate an ideally suited model system,
namely dolomite(10.4), possessing two chemically alike cation
species that can be benchmarked against the well-studied calcite
(10.4) surface. Here, by comparing high-resolution threedimensional (3D) AFM measurements with molecular
dynamics (MD) simulations, we show that the diﬀerent
hydration of Mg ions as compared to Ca ions leads to a shift
of interfacial water above Mg ions that allows for their
discrimination from Ca ions on the surface of dolomite.

■

(1)

where k is the spring constant, νe is the eigen frequency of the
cantilever (far away from the surface), νexc is the excitation frequency
(the measured eigen frequency shift is Δνe = νexc − νe), F0 is the
excitation force amplitude, A′ is the oscillation amplitude, and φ′ is the
phase shift between cantilever oscillation and excitation. Deconvolution32 of ⟨kts⟩∩ yielded the even contribution to the tip−sample
force.33,34 Both quantities are shown in Supporting Figure S3.
Simulations. For all simulations, the large scale molecular
dynamics code LAMMPS35 was used. The simulations were run in
parallel on a typical Linux commodity cluster, and analysis was
performed visually using VMD36 or numerically using the Python
library MDAnalysis.37 In order to model the crystal structure of the
(10.4) cleavage plane, we used a crystal that is seven layers thick and
where each layer consists of ﬁve unit cells along the [42̅ 1̅ ] and eight
along the [010] direction. For dolomite, the simulation box
dimensions were scaled down (while keeping the internal carbonate
bonds at the correct length) with respect to the dimensions for calcite
in order to match the surface unit cell size. Each simulation consists of
a similar protocol. First, the seven-layer crystal is modeled as if it is a
bulk crystal in order to relax our initial scaling, during which no
external constraints other than a common barostat and thermostat
were applied to the atoms. Typically, these seven-layer crystals
measure 4.06 nm × 3.9 nm × 2.13 nm (calcite) and 3.89 nm × 3.82
nm × 2.05 nm (dolomite). Subsequently, the crystal is placed in a
larger box and solvated on either side of the (10.4) surface by ample
water, such that far away from the surface bulk properties can be
reached, adding approximately 16 nm in the direction perpendicular to
the surface. The total number of atoms in each of the simulations is
28 234 for calcite and 26 254 for dolomite. In the next steps, the lateral
dimensions of the simulation box were ﬁxed, along with the carbon

METHODS

Experimental Section. Experiments were performed with a
custom 3D-AFM27−29 operated in the frequency-modulation mode.1
Calcite [CaCO3] crystals (Korth Kristalle, Germany) and dolomite
[CaMg(CO3)2] crystals (SurfaceNet, Germany) were cleaved prior to
the measurement. We used Si cantilevers exhibiting an eigen frequency
of approximately 150 kHz, a quality factor of approximately 8 and a
spring constant of approximately 40 N m−1 in liquids (types PPPNCHAuD, Tap300G, and Tap300GB-G were used). Oscillation
amplitudes in the order of 0.7−0.8 Å have been used. All AFM
measurements were performed in pure water (MilliPore). The
deﬂection sensitivity was determined from static deﬂection versus
piezo-displacement curves, and the spring constant by evaluation of
the thermal noise.30 The crystallographic surface directions were
obtained from the direction of birefringence.31 Experimental data sets
were corrected for sample tilt and vertical drift as described
previously.29 Moreover, data were corrected for lateral drift by
comparison of up and down scans to identify the surface unit cell.
Subsequently, the images were adjusted so that the surface unit cell
dimensions correspond to the unit cell dimensions determined from
the dimension of the bulk unit cell. We obtained the averaged tip−
sample force gradient2 ⟨kts⟩∩ according to
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Figure 2. Comparison of experimental and theoretical hydration data for calcite (upper part) and dolomite (lower part). Drift-corrected lateral slices
of eigen frequency shift (Δνe) maps are presented in the ﬁrst column (a,d). Eigen frequency shift versus tip−sample distance (zts) curves extracted
above the diﬀerent sites indicated in the ﬁrst column are shown in the second column (b,e). In (c,f), site-speciﬁc density curves from the MD
simulations are shown. Yellow, green, and brown color indicate Ca, Mg, and CO3 sites, respectively. Dashed curves in the graphs correspond to the
lower site indicated in the lateral slices. The shaded area below and above the curves in (b,e) indicate a 95% conﬁdence interval determined from the
standard deviation s and the number of samples n according to ±1.96s/√n. The site-speciﬁc density proﬁles shown in (c,f) result from averaging
individual density proﬁles within a circle of 1.25 Å radius centered on each respective ion. Each (symmetry equivalent) ion within the simulation box
was considered.
atoms of the center-most layer in order to ensure the proper crystal
dimensions and no thermal drift of the system. First, the entire system
is allowed to relax for at least 50 ps (using a 1 fs time step) at ambient
conditions (310 K and 1013.25 hPa). After that, a longer run (0.5 ns)
is performed to allow for the hydration layers to form. Following this,
the unit cell dimension along z as well as the total and separate energy
components were constant (except for thermal oscillations),
conﬁrming that equilibrium has been reached. The next 8 ns are the
simulation production run, where each 2.5 ps a snapshot of the system
is saved to disk and used for subsequent analysis.
An accurate force ﬁeld for calcite simulations was developed by
Raiteri et al., and has been used successfully in simulating the growth
of calcium carbonate in aqueous solutions.38 Here, we used the same
force ﬁeld, except that we replace the intramolecular angle and
improper terms for the carbonates by more common harmonic
potentials providing equivalent interactions. Magnesium terms were
taken from the extended potentials of Tomono et al., which allows for
the modeling of dolomite.39 This proved to show no signiﬁcant
diﬀerences in the calculated density to more recently published
potentials.40 For water, we used the single point charge ﬂexible model
(SPC/Fw).41

volume above the two substrates, we performed molecular
dynamics (MD) simulations. In Figure 1c,d, we show the
density of water oxygen atoms extracted along a row of
alternating cations and anions (dashed line in Figure 1a,b) for
calcite and dolomite, respectively. In the case of calcite, we ﬁnd
that water forms a laterally as well as a vertically ordered
structure above the surface. The water molecules in the ﬁrst
layer are located above calcium ions and the ones in the second
layer are above carbonate sites. This alternating arrangement of
interfacial water above the cations and anions continues in
several layers and leads to a characteristic checkerboard-like
pattern. Our simulations agree with previous theoretical studies
on interfacial water above calcite.20,42,43
For dolomite, the simulated water density shown in Figure
1d shows a similar checkerboard-like pattern of water density
maxima. Similar to calcite, the ﬁrst layer is placed above the
cations, which are now Ca and Mg. However, although Ca and
Mg cations occupy virtually identical positions in the crystal
lattice, the oxygen water density maximum above Mg sites is
shifted closer to the surface compared to the Ca site. This
ﬁnding can be rationalized by the smaller size and,
consequently, the larger charge density of Mg compared to
Ca.44
Next, we explore whether we can make use of this subtle
diﬀerence to provide chemical identiﬁcation of these two
interfacial cations on the surface of dolomite. To address this
challenging task, we have optimized a commercial AFM setup
for performing high-resolution imaging at the solid−liquid
interface27,28 and added a highly ﬂexible routine for collecting
3D AFM data.29 As reference, we ﬁrst analyze distancedependent data on calcite at four sites (two above the cations,

■

RESULTS AND DISCUSSION
Figure 1a,b shows an atomistic model of the (10.4) surfaces of
calcite and dolomite, respectively. In both cases, the surface unit
cell (black rectangle) contains two cations and two carbonate
groups. In the case of calcite, the cations are Ca and in case of
dolomite the surface unit cell contains both a Ca and a Mg ion,
which leads to alternating Ca and Mg ions oriented along the
[4̅2̅1] direction. Therefore, the solid−liquid interface of the
dolomite (10.4) surface constitutes an ideal test system to
assess the feasibility of chemical identiﬁcation of the two
equally charged cations. To obtain the water density in the
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structure. The capability of dynamic AFM to provide chemical
identiﬁcation of single atoms at the solid−water interface allows
for unraveling so far undiscovered insights into the reactivity of
aqueous interfaces. As aqueous interfaces are ubiquitous both in
nature and technology, we anticipate that this will have a
signiﬁcant impact on both research and technological development.

two above the anions) within the calcite surface unit cell. A
lateral slice of a 3D eigen frequency shift (Δνe) data set
obtained on calcite in pure water is shown in Figure 2a. We
ensure that this lateral slice is extracted within a hydration layer,
as is explained in detail in the Supporting Information. In
Figure 2b, we show site-speciﬁc Δνe(zts) curves extracted at the
two minima and the two maxima observed within each surface
unit cell by averaging over the areas indicated by the colored
overlays in Figure 2a. For clarity, we only show this overlay for
one surface unit cell, all extraction sites (which were obtained
by translations according to the surface unit cell dimensions)
are shown in Supporting Figure S2. A clear agreement between
the two curves extracted at sites that are shifted by half a unit
cell length along the [4̅2̅1] direction can be observed (both
colored either yellow or brown, respectively). Moreover, all
four extracted curves exhibit an oscillatory shape. We interpret
each maximum (minimum) in the frequency shift as a
maximum (minimum) in the water density, which is in line
with the solvent tip approximation45−47 (STA). Details on the
STA are discussed in the Supporting Information. Note that the
eigen frequency shift close to the surface shows an overall
increase that it interpreted by increasingly repulsive interactions
originating from the presence of a rigid surface solely.
Next, we identify whether the curves were extracted above
Ca or CO3 sites. By comparison with the simulated water
density [Figure 1c], the curve with the minimum in the
frequency shift at the smallest tip−sample distance (brown
curves) can be readily assigned to a CO3 ion, while the other set
of curves (yellow curves) is assigned to Ca ions. The excellent
agreement between the curves extracted above Ca and CO3
sites, respectively, is conﬁrmed by identical water density curves
obtained by MD simulations (Figure 2c). The obtained vertical
distance between two water density maxima is 1.3 Å [arrows in
Figure 2c]. This distance agrees remarkably well with the layerto-layer distances for the presented data in Figure 2b. As our
description is based on the simple STA model deviations
between the theoretically obtained and the experimentally
determined layer-to-layer distances can be expected.
After having analyzed calcite as a reference, we applied the
same analysis protocol to a 3D data set obtained on the
dolomite (10.4) surface. Here, Δνe(zts) curves extracted at the
sites indicated in Figure 2d are presented in Figure 2e. The
individual curves exhibit a very similar shape compared to
calcite as they also show alternating extrema. Two of the four
curves (extracted at sites shifted half a unit-cell along the [42̅ 1̅ ]
direction) exhibit a clear minimum at the smallest tip−sample
distance and are, consequently, again identiﬁed as CO3 sites
(brown color). In clear contrast to calcite, however, the other
two curves, extracted above the cation sites, show a distinctive
shift relative to each other. This shift is also reﬂected in the MD
simulations (Figure 2f), as water molecules are located closer to
Mg ions compared to Ca ions. Therefore, we assign the cationsite curve that is shifted more closely to the surface (green,
without prime) to a magnesium site, while the other site
(yellow, with primes) is assigned to a Ca site. This is a
demonstration of chemical identiﬁcation of interfacial ions
possessing the same charge. Note that even the shift in the
curves obtained above carbonate sites is in excellent agreement
with the MD simulations.

■
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